The effects of coincuhating the active agent of an experimental chlorate product with nitrate or select nitro compounds. possible inducers and competing substrates for the targeted respiratory nitrate reductase, on concentrations of experimentally inoculated Salmonella entericu serovar Typhimurium and indigenous Escherichia toli were determined. Studies were completed in swine fecal suspensions as a prelude to the administration of these inhibitors to pigs. Results confirmed the bactericidal effect of chlorate (5 to tO mM) against these fecal enterobacteria. reducing (P < 005) concentrations by >2 log CFU m1' after 3 to 6 h of incubation. An effect (P < 0.05) of pH was observed, with considerable regrowth of Salmonella and F. co/i occurring after 24 h of incubation in suspensions buffered to pH 7.1 but not in suspensions buffered to pH 6.5 or 5.6. A 24-h coincubation of fecal suspensions with 5 to tO mM chlorate and as little as 2.5 mM nitrate or 10 to 20 mM 2-nitro-lpropanol, 2-nitroethanol, and, sometimes, nitroethane decreased (P < 0.05) Salmonella but not necessarily F. roll concentrations. 2-Nitro-]-propanol and 2-nitroethanol exhibited inhibitory activity against Salmonella and F. co/i by an undetermined mechanism, even in the absence of added chlorate.
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Salmonella is estimated to cause more than 1.3 million cases of human foodborrie disease annually, with more than 15.000 individuals requiring hospitalization and more than 500 cases resulting in death (35) . Total medical costs and productivity losses and the value for premature deaths are estimated at $2.4 billion each year (46) . Salmonella, as well as certain Esc/ierjc/ija co/i strains, can also cause considerable economic losses to the swine industry because of enteric or systemic diseases of pigs (24, 27) . Recent reports from North America and Europe have indicated that a moderate-to-high prevalence of Salmonella can occur in apparently healthy finished hogs (12, 13, 20, 26, 33, 43, 47) .
Additionally, events associated with transportation and lairage have reportedly increased Salmonella shedding in pigs presented for slaughter (29) . Because these infected animals can be a major reservoir for contamination, a need exists to develop preslaughter strategies, possibly administered via feed or water, that are capable of reducing the carriage of these potential human pathogens into the abattoir.
A potential preharvest food safety intervention presently being investigated is an experimental chlorate product that selectively targets an inducible respiratory nitrate reductase enzyme expressed by Salmonella and E. co/i (4, 8 (21, 28, 31) and Salmonella Typhimurium in vivo (32) . The main objective of this study was to test the in vitro effects of incubating an experimental chlorate product, nitrate, or select shortchain nitro compounds, alone or in combination, against experimentally inoculated Salmonella enlerica serovar Typhimurium and indigenous E. co/i in porcine fecal suspensions.
MATERIALS AND METHODS
In vitro incubations. Porcine feces collected from conventionally reared nonlactating, mature sows were delivered to our laboratory within I h of collection, where they were immediately mixed 1:5 (wtivol) with anaerobic 0.4 M sodium phosphate buffer to achieve a pH of 5.7. 6.5, or 7.1 and were supplemented with 16 mM sodium formate. The fecal suspensions were inoculated with serial dilutions of a novobiocin-and nalidixic-resistant Salinonella Typhimurium (NVSL 95-1776) to achieve initial concentrations of between 10 and 10" CFU ml 1 . as indicated. Inocula were obtained from cultures grown overnight at 37°C in tryptic soy broth (Diko, Becton Dickinson, Sparks, Md.) supplemented with 25 p.g of novohiocin ml and 20 ig of nalidixic acid ml The challenge organism, possessing natural resistance to novobioem, had been made nalidixic acid resistant via successive cultivation in tryptic soy broth containing up to 20 rg of nalidixic acid ml '(3). Ten-milliliter volumes of fresh 20% (wtivol) fecal suspension were transferred to crimp-top tubes (18 by 150 mm) that had been preloaded to achieve the indicated concentrations of nitrate and chlorate and the short-chain nitro compounds. The tubes were then sealed and incubated at 37°C under H2:CO2 (I: I) and sampled at the indicated intervals for enumeration of the challenge Salmonella, via the plating of serial 10-fold dilutions to brilliant green agar (Oxoid. Unipath Ltd., Basingstoke, Hampshire. UK) supplemented with 25 p.g of novobiocin ml' and 20 p.g of nalidixic acid ml 1 (3). Samples were also cultured for indigenous E. co/i via plating to 3M E. co/i/Coliform Count Pctriflim (3M Microbiology Products. St. Paul. Minn.). The lowest dilutions plated were 10' for the challenge Salmonella Typhiniurium and 10 2 for the indigenous E. co/i; thus, the limits of detection were 10 and 100 CFU ml '. respectively.
Determination of respiratory nitrate reductase activity.
The novobiocin and nalidixic acid Salmonella Typhimurium strain NVSL 95-1776 was grown anaerobically (90% N 2 :5% CO2:5% H,) for 6 Ii at 37°C in 10 ml of brain heart infusion broth (Difco, Becton Dickinson) supplemented with 0 or 5 mM sodium nitrate. nitroethane, 2-nitro-1-propanol, or 2-nitroethanol. Cells were harvested and washed (via centrifugation at 18,000 X g for 10 mm) in 5 ml of anaerobic dilution solution (14) supplemented with 60 mM sodium formate. The washed cells were incubated at 37°C under a 50% H,:50% CO 2 gas phase with 10 mM sodium nitrate; samples collected at 0, 2. and 5 h were assayed for nitrate and protein content.
Analytical procedures.
Nitrate and 2-nitro-I -propanol were measured colorimetrically (18, 34) . Cell protein concentrations were determined by the modified Lowry procedure (39).
Statistical analyses.
All incubations were performed in duplicate, and log transformations of Salmonella and E. co/i con- centrations were analyzed for treatment differences by a repeatedmeasures analysis of variance; specific nitrate reductasc activities and rates of 2-nitro-I -propanol metabolism were tested for treatment differences by a general analysis of variance (Statistix 8 Analytical Software, Statistix, Tallahassee, Fla.). Means were separated by a least significant difference (LSD) procedure.
RESULTS AND DISCUSSION
In vitro incubation of buffered porcine fecal suspensi()ns (pH 6.5) with added chlorate markedly reduced (P < 0.05) concentrations of the challenge Salmonella strain compared to control suspensions incubated without the added chlorate (Fig. 1 ). An experimental chlorate product has previously been shown to selectively reduce gut concentrations of Salmonella or E. co/i in ruminants and monogastries (3, 5-7, 9, 15-17, 22, 25) by targeting an inducible respiratory nitrate reductase, which catalyzes the reduction of chlorate to cytotoxic chlorite (45) . The bactericidal effect of the experimental chlorate treatment was enhanced in a dose-dependent manner (P < 0.05) by coincubation of the mixed populations with 2.5 to 10 mM nitrate (Fig. I ). This finding is in agreement with earlier in vivo research, where the bactericidal effect of the experimental chlorate treatment was enhanced by as much as 100-fold in broilers first adapted to nitrate administered in drinking water (30) . The enhanced bactericidal activity of chlorate observed in the incubations containing added nitrate may have occurred because nitrate is an effective inducer of NarG respiratory nitrate reductase activity (48) . In support of this hypothesis, washed cell suspensions of Salmonella Typhimurium that had been grown anaerobically in brain heart infusion broth with 5 mM sodium nitrate expressed 2.1-fold higher (P < 0.05) respiratory nitrate reductase activity than that measured in cells grown without nitrate (1.9 ± 1.1 nmol NO3 mg prot I h'; mean ± SD). Whereas an induction of respiratory nitrate reductase activity would not necessarily he expected to respond to nitrate in a dose-dependent mannei as was observed here, the membrane-bound NarG enzyme of E. co/i is not maximally expressed until exposed to approximately 8 mM nitrate (48) . Conversely, as reviewed by Moreno-Vjvjhn et al. (36) and Richardson et al. (41) , the periplasmic respiratory nitrate reductase activity, which is maximally induced by low levels of nitrate, does not use chlorate as a substrate, and respiratory nitrate reductase activity conferred by the constitutively expressed NarZ enzyme contributes only a fraction of the activity attributable to NarG. Nitrate, however, as a competing substrate for the enzyme active site may also have slowed the rate and extent of chlorate consumption by individual cells, which could possibly exceed that needed to achieve lethality. Thus, the depletion of chlorate to concentrations no longer effective may have occurred during the later periods of incubation in suspensions not containing added nitrate. Undoubtedly, further research that focuses on measuring rates and extents of chlorate reduction in similar mixed bacterial populations is needed to test this hypothesis.
Coincuhation of the fecal suspensions with chlorate and separate additions of the short-chain nitro compounds 2-nitro-I -propanol or 2-nitroethanol, but not nitroethane (each at 20 mM), also enhanced the bactericidal activity of chlorate against Salmonella Typhi!nurium (Fig. 2) . However, nitrate reductase activities determined with washed cell suspensions of Salmonella Typhimurium pregrown with 5 mM nitrocthane, 2-nitro-I -propanol or 2-nitroethariol did not differ (P > 0.05) from that of the cells that had been grown without nitrate. Thus, the enhanced Salmonella-killing activity observed in incubations supplemented with both chlorate and either 2-nitro-l-propanol and 2-nitroethanol was likely not due to increased respiratory nitrate reductase activity but was possibly the result of an additive effect of the combined supplements.
Whereas 2-nitroethanol was the only nitro compound to reduce (P < 0.05) Salmonella concentrations in the absence of added chlorate in the first experiment (Fig. 2) , results from an earlier study conducted similarly (except with 5 mM rather than 20 mM nitro compound) had shown that each of the three nitro compounds exhibited Salmonella-killing activity without added chlorate (10). Additionally, in vitro study with both pure and mixed microbial cultures has shown that nitroethane, 2-nitro-l-propanol, and 2-nitroethanol exert inhibitory activity against C'ampvlobacterjejuni, Campvlobacter coli, E. co/i 01 57:H7, E. ftieca/is, and L. monocvtogenes (21, 28. 31) . Jung et al. (32) further showed that Salmonella Typhimurium was inhibited in the chicken gut for up to 48 h after a single oral administration of 2-nitro-I -propanol.
The mode of action for the inhibitory activity of the nitro compounds has yet to be determined, but the variability of results observed between this and earlier experiments indicates that undefined cultural conditions or the presence of nitro-compound-using bacteria will affect the bactericidal activity of nitro compounds. At present, the only known anaerobe reported to possess appreciable nitroalkane reducing activity is Denirrobacteriurn detoxificans, an obligate respiratory anaerobe that conserves en- 
FIGURE 2. Effect of 0 (circles) or 20 mM (squares) nitro supplementation on erpenmentallr inoculated Salmonella enterica serovar Tvp urm himru concentrations during anaerobic (50% H2: 50% CO,) incubation (37°C) in porcine feces suspended in 0.4 M phosphate buffer at pH 6.5 and contain/Jig 16 toM sodium forinate without (open symbols) or with (filled s ymbols) 5 toM sodium chlorate ion. (A) Nitroethane; (B) 2-nitro-1-propanol; and (C) 2-nit roethanol Values for controls incubated without or with chlorate supplementation but without intro supplementation are included in each fi gure to facilitate comparisons. Tests for differences were conducted b y a repeated-measures analy sis of variance and a least significant difference (LSD) separation of means. Critical values for comparison (equivalent to a Fischer's pro-
tected LSD test) were 0.91 and 0.85 log CFU ml 'for means (n = 2) within and between treatments, respectively . SEM = 0. 30. ergy via the oxidation of hydrogen, formate, or lactate and the reduction of various oxidized nitro compounds (11) . Whether D. deto x(ficans, which was isolated from ruminal populations enriched for 3-nitro-l-propionic acid utilization (11) , is present in swine gut microbiota is unknown. However, genetic material from D. detoxiji.ans-like organisms has been detected in other alimentary tracts, such as the human oral cavity (19) , thus suggesting a wider distribution of the organism than just the bovine rumen. Furthermore, when porcine fecal suspensions (pH 6.5) were incubated with 10 mM 2-nitro-l-propanol, we observed a 10-fold re-duction (P < 0.05) in Salmonella Typhimurium concentrations compared to concentrations measured in controls incubated for 24 h without 2-nitro-1-propanol (5.88 ± 0.07 log CFU ml '; mean ± SD). In contrast, the bactericidal activity of 2-nitro-1-propanol was not observed in incubations that had been inoculated with 101 cells of D. detoxiJicans, likely the result of a threefold higher (P 0.10) rate of 2-nitro-l-propanol reduction observed in these suspensions than that measured in controls incubated without added D. deroxiticans (0.04 i 0.02 Ilmol ml I h mean ± SD).
In incubations of porcine fecal suspensions buffered to pH 5.7 (Figs. 3 and 4 5 and 6 ). This may have practical importance. as the pH of gut contents can be increased to near neutrality in recently weaned pigs (42) and pigs affected with dysentery (40) . The pH of cecal and colon contents in weaned pigs fed predominantly corn-and soybean meal-based diets is typically in the range of 5.7 to 6.5 (23, 42) . Considering that the optimum pH for the respiratory nitrate reductase of F. call is 6.8 (38) , the diminishing activity of chlorate over time in these incubations could possibly be due to the rapid reduction of chlorate to concentrations no longer suppressing the targeted populations. We cannot discount, howevei the possibility that other environmental conditions more conducive to the growth of Salmonella and E. coil have been operative, as higher (P < 0.05) levels of growth of both of these bacterial populations occurred in control incubations containing no added nitrate, nitro compound, or chlorate at pH 7.1 than at 5.7. Additionally, we cannot discount the possible propagation of chlorate-resistant populations. The diminishing activity of chlorate against Salmonella was mediated over time in the incubations at pH 7.1 by the coaddition of nitrate, 2-nitro-1 -propanol, and 2-nitroethanol (Fig. 5) and, for F. coIl, by nitroethane as well (Fig. 6) . Whereas nitro compounds are not expected to be used as substrates by Salmonella and E. coli, as evidenced by the fact that little nitro compound reduction occurs in unadapted populations of gut bacteria lacking bacteria such as D. detoxificans, it is not known if the nitro compounds are inhibitors of the nitrate reductases of Salmonella. E. coli, or other nitrate-respiring anaerobes. If such inhibitions were moderate enough to slow but not stop the consunip- particularly desired when animals may be retained in transit or at the abattoir for longer periods of time before slaughter than anticipated. According to a U.S. National Pork Benchmarking study (44) , approximately 10% of market-weight pigs are held overnight for the next day's slaughter and thus would be held in the lairage for more than 8 h and may 0 have been off feed for an additional 6 to 8 h (37) or longer. In summary. 2-nitro-I -propanol and 2-nitroethanol, but not necessarily nitroethane, exhibit bactericidal activity compounds are incubated with added chlorate, the combined activity of the compounds is markedly enhanced. Coincubation of the fecal suspensions with nitrate also markedly enhances the bactericidal effect of chlorate against these test bacteria. Further studies are needed to determine if these compounds, whether combined or individually, can be developed into safe and efficacious feed additives to control enteropathogen colonization in food animals. 
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